Abstract: Glucose-6-phosphate dehydrogenase (G6PD) supports cellular antioxidant pathways. G6PD deficiency is associated with malaria protection but was shown to worsen the clinical course to injury. This study tested whether G6PD deficiency manifests in altered cytokine responses using peritoneal macrophages from a G6PD-deficient mouse model with a degree of defect similar to the common type A -human G6PD deficiency. Lipopolysaccharide (LPS)-induced interleukin (IL)-10 and IL-12 production was doubled in G6PD-deficient macrophages compared with wild-type (WT). Protein kinase C (PKC) activation by phorbol-ester prior to LPS resulted in a fivefold greater IL-10 production in G6PD-deficient macrophages compared with WT. Interferon-␥ treatment prior to LPS augmented IL-12 production in G6PD-deficient and WT macrophages and partially inhibited IL-10 production by G6PD-deficient macrophages. The antioxidants (Nacetyl-L-cysteine and glutathione ethyl-ester) blunted IL-10 and IL-12 production, indicating a role for oxidative stress in the observed response differences between deficient and WT macrophages. LPS-induced activation of nuclear factor-B, cyclic adenosine monophosphate response element-binding protein, and specificity protein 3 was augmented in G6PD-deficient cells compared with WT. The PKC␦ inhibitor Rottlerin inhibited IL-10 and IL-12 production at different 50% effective-dose concentrations between deficient and WT macrophages, indicating elevated PKC␦ activity in deficient cells. This study reveals that activated G6PD-deficient macrophages display an augmented production of cytokines with a prominent impact on IL-10 production. The altered cytokine responses are associated with augmented activation of redox-dependent transcription factors and PKC␦. Alterations in signaling pathways and associated changes in cytokine production may play a role in modulating the inflammatory responses following bacterial or malarial infections in G6PD deficiency. J. Leukoc. Biol. 78: 85-94; 2005.
INTRODUCTION
Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the most common human genetic polymorphism, affecting over 400 million people worldwide [1] . The single-copy G6PD gene is located on the X chromosome in mammals, thus inheritance follows the X-linked pattern. G6PD primarily supports antioxidant pathways by the generation of reduced nicotinamide adenine dinucleotide phosphate (NADPH), which is consumed by the glutathione redox cycle and required for the stability of catalase [1, 2] . G6PD is expressed in all cells of the body and is under tissue-specific regulation [1, 3] .
As G6PD deficiency provides some protection against malaria infection, the frequency of the defect may reach 10 -25% in populations where malaria is common [1, 4] . The African (type A-) variants, with 15% residual activity in red blood cells (RBCs), belong to the moderate (class III) deficiencies. Ten percent of African-American males carry the deficiency [5] . Whereas healthy type A-G6PD-deficient individuals have no clinical symptoms, the deficiency may present infection-, drug-, or Fava bean-induced, acute hemolysis, neonatal jaundice [1, 6] and was shown to worsen the clinical course after major injuries [5] .
The relationship between G6PD deficiency and cytokine modulation has not been investigated thoroughly despite the fact that this relationship may be important from several aspects. For example, it is well-accepted that cellular redox status is an important modulator of cytokine signaling pathways [7] [8] [9] [10] [11] , and as G6PD plays a central role in the support of antioxidant pathways [2, 12] , it is plausible to suggest that the redox changes in G6PD deficiency may have an impact on cytokine production. Redox-dependent cytokine modulation is especially relevant during the innate immune response when activated white blood cells, endothelial cells, and tissue parenchyma are exposed to different degrees of oxidative stress. Additionally, as malaria infection results in changes in the production of pro-and anti-inflammatory cytokines including interleukin (IL)-12, IL-6, tumor necrosis factor ␣ (TNF-␣), and IL-10 [13] [14] [15] , it is possible that alterations in cytokine production in G6PD-deficient cells may contribute to the modulation of the inflammatory response to malaria. There is indirect evidence from human studies indicating that in vivo-or ex vivo-induced cytokine responses may be altered by G6PD deficiency in support of this hypothesis. The hemozoin-induced IL-10 response was shown to be lower, whereas TNF-␣ production was similar in monocytes from individuals with the Mediterranean deficiency when compared with cells from nondeficient individuals [16] . We have previously demonstrated decreased blood IL-10 levels in severely injured G6PD-deficient (type A-) trauma patients on day 5 post-injury as compared with similarly injured, nondeficient patients [5] . Additionally, lipopolysaccharide (LPS)-induced ex vivo IL-10 production was also decreased in type A--deficient, moderately injured trauma patients as compared with nondeficient controls [17] . Lastly, a bias in the allele frequencies of cytokine single nucleotide polymorphisms, including IL-6, interferon-␥ (IFN-␥), and IL-10, has been shown in individuals from malariaendemic regions [18, 19] . Taken together, these in vivo and ex vivo human clinical observations suggest that cytokine responses may be altered in G6PD deficiency. However, no experimental evidence exists indicating a direct effect of G6PD deficiency on cytokine production or redox-dependent transcription factor activation in well-controlled, in vitro experimental systems.
Therefore, this investigation tested the hypothesis that G6PD deficiency alters macrophage cytokine responses. The study focused on a selected set of cytokines, including the proinflammatory cytokines IL-12, TNF-␣, and IL-6, as well as the anti-inflammatory cytokine IL-10. We compared the responses of peritoneal macrophages obtained from G6PD-deficient animals and their wild-type (WT) littermates using a G6PD-deficient mouse model that displays a similar degree of G6PD deficiency to that observed in the common type Ahuman defect (10 -15% of residual G6PD activity) [1, 5, 20] . As G6PD deficiency is expected to manifest phenotypic effects only upon functional challenges, cytokine responses were compared under different activation protocols using LPS stimulation alone and in combination with IFN-␥ administration or protein kinase C (PKC) activation. The role of oxidative or nitrosylative stresses was assessed by using antioxidants and nitric oxide (NO) inhibitors. We also tested the role of selected transcription factors and PKC in these responses.
MATERIALS AND METHODS

Reagents
Endotoxin-free, cell culture-grade buffers, media, and reagents were used. Enzyme-linked immunosorbent assay (ELISA) kits for murine IL-10, IL-12, TNF-␣, and IL-6 were obtained from R&D Systems (Minneapolis, MN). Anti-nuclear factor (NF)-B p65 and p50, cyclic adenosine monophosphate response element-binding protein (CREB), and specificity proteins 1 and 3 (Sp1 and Sp3) antibodies were purchased from Santa Cruz Biotechnology (CA) and N-acetyl cysteine (NAC), Rottlerin, and Gö6976 from Calbiochem (San Diego, CA). Reverse transcriptase-polymerase chain reaction (RT-PCR) kit was purchased from Roche (Nutley, NJ). TriReagent and formazol were purchased from Molecular Research Center (Cincinnati, OH). Gel shift assay reagents and lactate dehydrogenase (LDH) assay kit were purchased from Promega (Madison, WI). Phosphate-buffered saline (PBS) was purchased from Life Technologies (Grand Island, NY). Fetal bovine serum (FBS) was purchased from Irvine Scientific (Santa Ana, CA), protein assay kit from Pierce (Rockford, IL), and Brewer's thioglycolate broth from Becton Dickinson (Sparks, MD). All other reagents and chemicals of the highest grade available were purchased from Sigma-Aldrich Co. (St. Louis, MO).
Animals and genotyping
Male G6PD-deficient (y/-) and normal (WT, y/ϩ), 10-to 14-week-old mice were used in the experiments, as described in detail earlier [20, 21] . Original breeding pairs of G6PD mutant mice were purchased from the Medical Research Council (MRC) of England (Frozen Embryo and Sperm Archive Mammalian Genetics Unit, MRC, Chilton). Initial breeding pairs were established in quarantine at Taconic Farms (Germantown, NY). Offspring were genotyped, and breeding colonies were established at Taconic Farms. Animals were shipped to our institute and housed in our animal facility under 12-h light/dark cycles. Animals were fed with standard rodent chow. The studies were performed in accordance with the Guide for the Care Animals used in the experiments were phenotyped by G6PD activity in whole blood using a kit from Sigma-Aldrich and genotyped by DNA analysis. The mutant G6PD variant was identified as described previously [20] . The particular mutation in the G6PD gene results in the disappearance of a DdeI restriction site in the mutant gene. Briefly, total genomic DNA was isolated from tail clippings, and the target gene was amplified with sense (GGAAACT-GGCTGTGCGCTAC) and antisense (TCAGCTCCGGCTCTCTTCTG) primers. PCR was performed with a Perkin Elmer (Wellesley, MA) kit in a Perkin Elmer 2400 thermacycler. Samples were incubated in the presence or absence of DdeI. Products were visualized with ethidium bromide staining and polyacrylamide gel electrophoresis (PAGE), as we published previously [20] .
Macrophage isolation and treatments
Peritoneal macrophages were isolated from male, G6PD-deficient (y/-) and normal (WT, y/ϩ) littermates, as described previously. Briefly, mice were injected with 2.5 ml sterile Brewer's thioglycolate broth intraperitoneally. On day 4, peritoneal cells were harvested, washed repeatedly (300 g for 15 min at 4°C), and resuspended in Dulbecco's modified Eagle's medium (DMEM) containing 20 mM HEPES, 4 mM glutamine, penicillin-streptomycin solution, and 10% FBS. Cells were seeded into Falcon six-well, tissue-culture plates (1.2ϫ10 6 cells/well) and incubated at 37°C (95% air/5% CO 2 ) to allow cells to adhere. Nonadherent cells were removed by washing with PBS, and the cells were re-fed with DMEM containing 1% FBS at 24 h and incubated in the presence of vehicle; LPS alone, 100 ng/ml; IFN-␥ (100 U/ml, 2 h preincubation) and then LPS, 100 ng/ml; and phorbol myristate acetate (PMA), 1 M (20 min preincubation) and then LPS, 100 ng/ml. Antioxidants [NAC, 5 mM; glutathione (GSH) ethyl ester, 5 mM], NO inhibitor [L-N(G)-nitro-arginine methyl ester (L-NAME), 1 mM], or PKC inhibitors (Gö6976, 50 nM, or Rottlerin, 0.25-2.0 M) were added 5-20 min prior to cell activation protocols. TNF-␣ and IL-6 production were measured at 6 h post-stimulation and IL-12 and IL-10 production at 24 h post-stimulation. All agents used in the experiments were dissolved in media as vehicle, unless otherwise stated. After various treatments, media were collected, and cytokine content was determined by ELISA, according to the manufacturer's protocol. Standards were run on each ELISA plate and analyzed in parallel with the test samples. Values were normalized to cell protein content in individual wells to correct for small variations.
Analysis of NF-B, CREB, and Sp1 and Sp3 activation by electrophoretic mobility shift assay (EMSA) mmol/L dithiothreitol (DTT), 1 mmol/L NaVO 3 , 5 g/ml leupeptin, 1 g/ml pepstatin, 5 g/ml aprotinin, 0.5 mmol/L EDTA, 10 mmol/L sodium fluoride, and 20% glycerol]. The samples were left on ice for 30 min, and then 10% Nonidet P-40 was added, and samples were homogenized. The nuclei were sedimented by centrifugation at 4300 g for 5 min at 4°C. The supernatant was carefully removed, and the nuclei were lysed in 30 l ice-cold buffer (same composition as the lysis buffer above, except that KCl was replaced with 420 mmol/L NaCl). The samples were kept at 4°C on a shaker for 30 min and then centrifuged at 16,000 g at 4°C for 10 min. The supernatants (nuclear extracts) were stored at 80°C until use.
The binding reaction (20 l) contained 50 mM Tris-HCl (pH 7.5), 1 mM MgCl 2 , 1 mmol/L DTT, 20% glycerol, 2 g poly(dI:dC), and 58.8 mmol/L KCl. The double-stranded NF-B consensus oligonucleotide (5Ј-AGT TGA GGG GAC TTT CCC AGG C-3Ј), CREB consensus oligonucleotide (5Ј-AGA GAT TGC CTG ACG TCA GAG AGC TAG-3Ј), and Sp consensus oligonucleotide reacting with Sp1 and Sp3 (5Ј-ATT CGA TCG GGG CGG GGC GAG-3Ј) probes were end-labeled with ␥-[
32 P] adenosine 5Ј-triphosphate 10 Ci at 222 TBq/mmol (Amersham, Arlington Heights, IL). Binding reactions, containing 35 fmoles oligonucleotide and 10 g cellular protein, were carried out for 20 min at room temperature. To determine the specificity of binding, 100-fold molar excess of unlabeled probe was added before the administration of the radiolabeled probe. For supershift analyses, 2.5-5 g each antibody was added to the reaction mixture and incubated for 30 min prior to the addition of the radiolabeled probe. Following the binding reactions, samples were subjected to nondenaturing 4% PAGE in low ionic-strength buffer (80 mM Tris-borate, 2 mM EDTA). Gels were vacuum-dried and signals quantified using the Phosphorimager SI analyzer and Imagequant v4.1 program (Molecular Dynamics, Sunnyvale, CA).
Analytical procedures
LDH activity in media was measured using the CytoTox 96 assay (Promega). Cellular LDH release was normalized to maximal LDH release in cells incubated in parallel with experimental samples. Maximal LDH release was determined by LDH activity in cell extracts disintegrated by sonication at the end of the incubations. NO production by macrophages was assessed by analysis of the conditioned media for nitrite plus nitrate content using the Griess reaction. Protein concentrations were determined by the bicinchoninic acid method using the protein assay kit (Pierce).
RNA determinations
Total cellular RNA was isolated using the TriReagent (Molecular Research Center), according to the manufacturer's protocol, as described previously [22] . Deoxyoligonucleotide primers used for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and IL-10 determinations were synthesized in the Molecular Biology Core Laboratory of the University of Medicine and Dentistry of New Jersey (Newark). GAPDH expression controls were carried out throughout all the RT-PCR reactions. The sequences of the oligonucleotide primers used were as follows: GAPDH forward, 5Ј-GTC TTC ACC ACC ATG GAG AA-3Ј; reverse, 5Ј-ATC CAC AGT CTT CTG GGT GG-3Ј; for the real-time RT-PCR reactions, GAPDH forward, 5Ј-TGT GCA GTG CCA GCC TC-3Ј; reverse, 5Ј-CCC AAT ACG GCC AAA TCC-3Ј; IL-10 used in RT-PCR reactions forward, 5Ј-CGG GAA GAC AAT AAC TG-3Ј; reverse, 5Ј-CAT TTC CGA TAA GGC TTG G-3Ј; IL-10 used in real-time PCR reactions forward, 5Ј-AAG TGA TGC CCC AGG CA-3Ј; reverse, 5Ј-TCT CAC CCA GGG AAT TCA AA-3Ј.
RNA samples were subjected to RT followed by PCR amplification. The RT-PCR reactions were carried out using the GeneAmp, Thermostable RT RNA PCR kit (Roche, Branchburg, NJ). Following the RT step, Mn 2ϩ was chelated and MgCl 2 added for the amplification steps (2.0 mM) in the presence of deoxy-unspecified nucleoside 5Ј-triphosphate (dNTP) mixtures (2 mM each). Amplification was carried out in a Perkin Elmer GeneAmp 2400 instrument as follows: RT step 70°C 15 min and PCR 95°C 1 min, 95°C 10 s, and 60°C 15 s for 35 cycles, followed by 60°C 7 min. The reaction was terminated by cooling the mixture to 4°C. Aliquots of the reaction samples were subjected to PAGE.
Quantitative real-time PCR was performed in a GeneAmp 7700 sequence detection system SDS (Applied Biosystems, Foster City, CA), using SYBR Green (Applied Biosystems) as the detection format. Amplification was carried out in a total volume of 40 l containing SYBR Green, PCR buffer [50 mM KCl, 20 mM Tris-HCl (pH 8.3), 2.5 mM MgCl 2 , 0.2% glycerol, and 0.2% dimethylsulfoxide], 0.2 mM each primer, 0.2 mM dNTPs, 1.25 U AmpliTaq DNA polymerase (Applied Biosystems), and serially diluted cDNA. The reactions were cycled 40 times under the following parameters: 50°C for 2 min, 95°C for 10 min, 95°C for 15 s, and 60°C for 1 min. A nontemplate control was run with every assay, and all determinations were performed in duplicate.
Statistical analysis
Statistical calculations were performed using JMP software (SAS Institute Inc., Cary, NC). Results were analyzed using ANOVA followed by t-test for pairwise comparisons or Tukey-Kramer's test for multiple comparisons. Statistically significant difference was concluded at P Ͻ 0.05.
RESULTS
Comparison of pro-and anti-inflammatory cytokine production between G6PD-deficient and WT macrophages
In the first series of experiments, we compared IL-10 and IL-12 production between peritoneal macrophages from deficient and WT animals following LPS treatment in the absence and presence of the coactivating signals IFN-␥ or PMA. Peritoneal macrophage cultures were incubated for 24 h and cytokine levels determined using ELISA. Figure 1A shows that LPS treatment alone resulted in a small but significant increase in IL-10 production in G6PD-deficient macrophages but not in cells from WT animals. PMA pretreatment (20 min) prior to LPS increased IL-10 production with a markedly greater effect (four-to sixfold) in G6PD-deficient rather than WT cells. PMA alone had no effect on IL-10 production in deficient or WT macrophages. IFN-␥ inhibited the PMA plus LPS-induced increase in IL-10 production by G6PD-deficient macrophages; however, IL-10 production remained greater in deficient rather than WT cells (Fig. 1A) . Figure 1B indicates that the LPS-induced IL-12 response was approximately double in deficient macrophages rather than in cells from WT animals. IFN-␥ preincubation markedly and similarly increased LPS-induced IL-12 production in deficient and WT cells. PMA preincubation inhibited the LPS-induced IL-12 production in deficient and WT macrophages. However, PMA did not inhibit IFN-␥ plus LPS-induced IL-12 production significantly in deficient or WT cells (Fig. 1B) .
Experiments were also carried out to test whether delayed administration of LPS or reversal in the sequence of PMA and LPS administrations alters cytokine responses. Figure 1C shows that the augmented production of IL-10 by G6PD-deficient cells as compared with WT was maintained when LPS was administered at 60 min post-PMA, as well as when LPS was administered prior to PMA. However, there was a tendency for a lessened IL-10 response when LPS was administered later or when the sequence of PMA and LPS additions was reversed (Fig. 1C) . Determination of IL-12 in the same samples indicated a tendency of lessened PMA inhibition on the LPSinduced IL-12 response upon delayed administration of LPS or after reversal in treatment sequence (note the difference in the y-axis scale in Fig. 1, B and D) . These observations indicated that PMA costimulus to LPS activation renders the IL-10/IL-12 balance toward the anti-inflammatory side in G6PD-deficient macrophages.
In contrast to the observations on IL-10 and IL-12, comparison of early, proinflammatory cytokine production showed only a slightly increased TNF-␣ production by deficient cells as compared with WT (Fig. 2) . The small increase in IL-6 production by deficient cells compared with WT did not reach statistically significant levels. TNF-␣ and IL-6 responses were also similar in deficient and WT cells following the combined PMA plus LPS (Fig. 2) or IFN-␥ plus LPS treatments (data not shown).
To determine whether the marked difference in IL-10 production between deficient and WT macrophages manifests in increased gene expression, steady-state IL-10 mRNA levels were determined. As IL-10 mRNA abundance is known to be low, even under induced conditions, we used semiquantitative RT-PCR as well as real-time RT-PCR in these determinations. Figure 3A shows that IL-10 mRNA in macrophages from WT animals was near or below detection limit even after the induced conditions. However, IL-10 mRNA was readily de-
assays using a different set of primers for IL-10 and GAPDH (Fig. 3B) .
The effect of antioxidants and NO inhibitors on cytokine production
To test the potential role of oxidative stress in the observed differences in cytokine responses, deficient and WT macrophages were incubated using the combined activation protocols in the presence or absence of the antioxidant NAC (Fig. 4) , which partially inhibited PMA plus LPS-induced IL-10 response in G6PD-deficient cells. Under IFN-␥ plus LPS-stimulated conditions, IL-10 production was completely inhibited by NAC in deficient as well as WT cells (Fig. 4A) . The presence of NAC also completely inhibited the IFN-␥ plus LPS-induced IL-12 production in deficient and WT macrophages (Fig. 4B) . Results were similar when the same experiments were carried out using an alternative antioxidant, GSH ethyl-ester (data not shown). Figure 5 depicts nitrite/nitrate and cytokine production in activated macrophages in the presence or absence of the NO synthase inhibitor L-NAME. Following stimulation by PMA plus LPS or IFN-␥ plus LPS, nitrite/nitrate production was Ϫ6 M for 20 min) or IFN-␥ (100 U/ml for 2 h) followed by an additional 22-h incubation in the presence or absence of LPS (100 ng/ml) as indicated. At 24 h, media were collected, and IL-10 (A) and IL-12 (B) contents were determined. Mean Ϯ SE from 12 independent cell preparations in each group (determined in duplicates). (C and D) Incubations were carried out using the combined treatments by PMA and LPS, but LPS administration was delayed to 60 min post-PMA, or the sequence of the administration was reversed as indicated on the figures. Mean Ϯ SE from four independent cell preparations. Statistically significant differences: *, compared with WT in the same treatment group; &, compared with PMA ϩ LPS in the deficient group; #, compared with LPS in corresponding groups.
Fig. 2.
Comparison of TNF-␣ and IL-6 production between G6PD-deficient and WT macrophages. Cells were incubated in the absence or presence of PMA (10 Ϫ6 M for 20 min) followed by incubation in the presence or absence of LPS (100 ng/ml) as indicated. At 6 h, media were collected, and TNF-␣ (A) and IL-6 (B) contents were determined. Mean Ϯ SE from four to eight independent cell preparations in each group determined in duplicates. Statistically significant difference: *, compared with vehicle in corresponding groups; &, compared with WT in the same treatment group. similar in deficient and WT macrophages (Fig. 5A) . As expected, L-NAME inhibited nitrite/nitrate production by macrophages. The inhibitory effects of L-NAME were similar in deficient and WT cells (Fig. 5A) . Cytokine determinations from the same samples, however, revealed that inhibition of nitrite/ nitrate production had no effects on IL-10 or IL-12 production in G6PD-deficient or WT macrophages (Fig. 5, B and C) . The antioxidants or L-NAME used caused no cellular damage, as determined by measurement of LDH release in the same samples that were used for cytokine determinations (data not shown).
Comparison of transcription factor activation and the role of PKC␦
Because of the observed differences in cytokine production between deficient and WT cells following the LPS or LPS plus PMA treatments, we compared the activation of selected transcription factors after these activation protocols. Following a 4-h incubation, nuclear proteins were isolated and tested for NF-B, CREB, and Sp1 and Sp3 content using EMSAs (Fig.  6) . Nuclear content of NF-B, CREB, and SP3 was greater in LPS-stimulated, G6PD-deficient rather than WT macrophages (Fig. 6, bar graphs) . PMA treatment prior to LPS administration inhibited the LPS-induced increase in NF-B, CREB, and SP3 content in deficient cells (Fig. 6, bar graphs) . Preincubation of nuclear extracts with antibodies against the p50 and p65 subunits of the NF-B complex, individually or in a mixture, resulted in supershifts (Fig. 6C) . Preincubation of nuclear extracts with antibodies against CREB or SP3 also resulted in supershifts (Fig. 6, F and I) , confirming the identity of these transcription factors.
As PKC␦ has been shown to play an important role in the signaling pathways of IL-10 and IL-12 production, we used the specific PKC␦ inhibitor, Rottlerin, to determine whether PKC␦ contributes to the augmented IL-10 and IL-12 production by deficient cells compared with WT when stimulated with LPS alone or in combination with PMA or IFN-␥ (Fig. 7) . In G6PD-deficient cells, Rottlerin inhibited LPS-induced IL-10 production in a dose-dependent manner with a 50% effectivedose (ED 50 ) Ͻ0.25 M (Fig. 7A) . (The variability observed on WT macrophages is related to the fact that LPS alone causes minimal increase in IL-10.) As expected, under PMA ϩ LPSstimulated conditions, Rottlerin dose-response curve of IL-10 inhibition shifted to the right (ED 50 ϳ1.5 M), and the inhibitory response was similar in G6PD-deficient and WT macrophages (Fig. 7B) . Rottlerin also inhibited IL-12 production under LPS alone and LPS ϩ IFN-␥-induced conditions in deficient and WT cells. However, the inhibitory curve showed a right-shift under LPS (Fig. 7C) as well as LPS ϩ IFN-␥-induced (Fig. 7D) conditions in G6PD-deficient cells as compared with WT. Gö6976 (50 nM), an inhibitor of conventional Ca 2ϩ -dependent PKC isoforms, had no inhibitory effects on IL-10 or IL-12 production in G6PD-deficient and WT macrophages (data not shown). These observations indicate that under LPS-induced conditions, the increased production of IL-10 and IL-12 by G6PD-deficient macrophages is associated with elevated, cellular PKC␦ activity. Rottlerin or Gö6976, in the concentrations used, caused no cellular damage, as assessed by LDH release in the same samples that were used for cytokine determinations (data not shown).
DISCUSSION
This study demonstrates for the first time that G6PD-deficient macrophages display augmented production of proinflammatory as well as anti-inflammatory cytokines in response to stimulatory signals. Dependent on the activation status of cells, G6PD-deficient macrophages present markedly up-regulated IL-10 production compared with WT. The prominently increased IL-10 production by G6PD-deficient cells is accompanied by a relatively modest increase in early (TNF-␣ and IL-6) and late (IL-12) proinflammatory cytokine production, indicating a shift toward the anti-inflammatory potential in G6PD-deficient macrophages. The augmented cytokine production is associated with increased cellular levels of selected redox-dependent signaling factors, NF-B, Sp3, CREB, and PKC␦ in G6PD-deficient cells. The observed cytokine response differences between deficient and WT macrophages may be related to cellular redox status, but they are independent of nitrosylative stress. These observations, together with earlier clinical observations in the human type A-deficiencies, indicate that G6PD deficiency modulates cytokine responses with the foremost impact on IL-10 metabolism. The potential in vivo significance of these findings is supported by a recent study indicating elevated blood IL-10 content in G6PD-deficient animals compared with WT following a polymicrobial peritonitis challenge in vivo [24] .
The study used a mouse model that displays the same degree of G6PD deficiency (ϳ10% of normal) as presented in the most common form (type A-), human G6PD deficiency [5, 20] . This mouse model has been used by us and others in studies demonstrating the effect of G6PD deficiency on vascular endothelial growth factor-dependent angiogenesis [25] , ischemiareperfusion injury in the heart [26] , teratogenesis [27] , and sepsis-induced RBC dysfunction [20] . The G6PD-deficient animals, or cells derived from these animals, did not display phenotypic differences from WT under normal, unchallenged conditions, similar to those observed in the human deficiency. However, following functional or pathological challenges, the deficiency manifest altered cellular responses [1, 20] . LPS stimulus alone revealed only small differences, indicating an increase in pro-and anti-inflammatory cytokine productions in Fig. 5 . The effect of L-NAME on IL-10 and IL-12 production in G6PD-deficient and WT macrophages. Cells were incubated using the PMA plus LPS or IFN-␥ plus LPS protocols in the absence or presence of L-NAME (1 mM). Twenty-four hours later, nitrite/nitrate (A), IL-10 (B), and IL-12 (C) contents were determined in media. Mean Ϯ SE from four independent cell preparations in each group determined in duplicates. Statistically significant difference: *, compared with vehicle in corresponding groups; &, compared with WT in the same treatment group.
G6PD-deficient macrophages compared with WT. However, marked differences were manifested between deficient and WT cells when LPS stimulus was combined with additional response modifiers.
PKC activation by PMA resulted in dichotomic effects on the proinflammatory IL-12 and anti-inflammatory IL-10 production. This is evident from the fact that PMA inhibited LPSinduced IL-12 and simultaneously increased IL-10 production (Fig. 1, A and B) . This dichotomy of PKC activation is further supported by the observation that delayed administration of LPS after PMA (or reversal in the sequence of LPS and PMA) resulted in a lessening tendency of the contrasting effects on stimulating IL-10 and inhibiting IL-12 (refer to Fig. 1, C and  D) . These observations suggest that protein kinase activation represents a "regulatory switch", promoting anti-inflammatory cytokine production with simultaneous down-regulation of the proinflammatory IL-12 in LPS-activated macrophages. The effect of PKC activation causing an increase in IL-10 and a decrease in IL-12 production is in contrast to the effects of IFN-␥, which resulted in decreased IL-10 and increased IL-12 production in LPS-stimulated cells (Fig. 1, C and D) . However, under the IFN-␥-stimulated conditions, G6PD-deficient cells still displayed an elevated production of IL-10 as compared with WT. This indicates that the increased anti-inflammatory potential of G6PD-deficient cells is retained even in the presence of a counteracting, physiologically relevant, proinflammatory signal.
PKC activation by PMA stimulates the oxidative burst in phagocytes, suggesting that redox alterations and PKC-dependent signaling pathways may play a role in regulating IL-10 production. The role of oxidative stress in the activation of protein kinases has been described [28 -31] . It is well known Fig. 6 . Activation of transcription factors in G6PD-deficient macrophages. Cells were incubated in the absence or presence of LPS or PMA followed by LPS. Four hours later, nuclear proteins were isolated and tested for NF-B, CREB, and SP binding using consensus oligos and EMSA as described in Materials and Methods. HeLa nuclear extracts run parallel with cell extracts were used as positive controls. Graph bars (A, D, and G) indicate summary from six to eight independent cell preparations, mean Ϯ SE. Middle panels (B, E, and H) depict typical findings. Gels on the right (C, F, and I) depict findings after incubation of nuclear extracts from LPS-stimulated, G6PD-deficient macrophages in the presence of specific antibodies against the p50 and/or p65 NF-B subunits or antibodies against CREB, SP1, or SP3 transcription factors as indicated. Statistically significant difference: *, compared with vehicle; &, compared with LPS.
that the diacylglycerol mimic, PMA, results in the activation of the conventional (Ca 2ϩ -dependent, ␣, ␤, and ␥) as well as the novel (Ca 2ϩ -independent, ␦, ε, , and ) PKC isoforms [28, 32] . Our observation using PKC inhibitors revealed that the specific PKC␦ inhibitor Rottlerin caused marked inhibitory effects on IL-10 production, whereas Gö6976, an inhibitor of the conventional Ca 2ϩ -dependent PKC isoforms, was ineffective in inhibiting cytokine production. This indicates an important regulatory role of PKC␦ in the observed IL-10 responses. It is also evident that the LPS-induced IL-12 production was dependent on PKC␦ activity, as demonstrated by the inhibitory effects of Rottlerin on IL-12 release. However, Rottlerin was more efficient in inhibiting IL-10 than IL-12 production in G6PD-deficient compared with WT macrophages. This is reflected in the fact that the ED 50 for IL-10 inhibition was ϳ0.25 M, whereas the ED 50 for IL-12 inhibition was ϳ1 M in LPS-stimulated, deficient cells. Additionally, the right shift of the Rottlerin-inhibitory curve on the LPS or LPS ϩ IFN-␥-induced IL-12 production in the deficient cells further supports the conclusion that PKC␦ activity is increased in G6PD-deficient cells compared with WT (refer to Fig. 7) .
Our data also showed that PMA treatment in the absence of LPS was unable to exert these responses, indicating that PKC activation alone is not sufficient to up-regulate IL-10 production in these cells. The observation that the PMA plus LPS combination was effective when administration of PMA was delayed or reversed is also important from the perspective that the differences in IL-10 production between deficient and WT cells are not restricted to a narrow window of PKC activation. These observations may have importance in the broader context of sepsis and endotoxemia, as PKC activation in macrophages occurs in a variety of conditions, including cell migration or attachment, as well as in response to cytokines, bacterial products, and hormones [33] .
The role of other PKC isoforms, including the conventional isoforms, in dissociating TNF-␣ and IL-10 responses has been demonstrated in other experimental systems including human monocytes and alveolar macrophages as well as murine macrophages [34 -37] . It is evident from these studies that the role of particular PKC isoforms in regulating IL-10 production is dependent on the activating signals, status of inflammation, and the type of infectious challenge. Nevertheless, these investigations suggest a critical role of protein kinases in regulating the pro/anti-inflammatory cytokine balance in activated macrophages.
Sp1, Sp3, and CREB were shown to play important roles in the regulation of IL-10 and IL-12 production in a variety of experimental models [38 -42] . NF-B plays an important role in the regulation of IL-12, IL-6, and TNF-␣ synthesis [39, 43, 44] , whereas the IL-10 promoter is believed to have no functional NF-B binding sites. Furthermore, cellular redox alterations have been shown to be involved in the activation of Sp1 and Sp3, CREB, and NF-B, with consequent increases in TNF-␣, IL-6, IL-10, and IL-12 production [7-9, 45, 46] . Our observations indicating elevated nuclear contents of Sp3, CREB, and NF-B are consistent with the increased production of IL-12 and TNF-␣ in LPS-stimulated, G6PD-deficient cells compared with WT. Additionally, the PMA-induced inhibition of the LPS-induced activation of Sp3, CREB, and NF-B is in agreement with the decrease in IL-12 production under this condition (Fig. 1B) . However, it is evident that the observed down-regulation of Sp3 and CREB after the combined PMA ϩ LPS challenge cannot account for the augmentation of IL-10 expression in G6PD-deficient macrophages. Collectively, these observations indicate that augmented activation of redox-dependent transcription factors may play a role in the increased proinflammatory cytokine production in LPS-stimulated, G6PD-deficient cells. However, it remains to be determined which transcription factors are responsible for the marked increase in IL-10 expression following LPS combined with PKC␦ activation in G6PD-deficient cells.
Our observations indicating that the antioxidant NAC or the GSH donor ethyl ester inhibits cytokine release by activated macrophages support the role of oxidative stress in these responses. The fact that NAC treatment completely inhibited IL-12 production in deficient and WT cells, whereas IL-10 inhibition was only partial in G6PD-deficient macrophages following PMA ϩ LPS further supports the conclusion that increased oxidative stress plays a role in augmenting IL-10 production in deficient cells. In contrast to the findings using antioxidants, inhibition of NO production did not alter IL-12 and IL-10 responses in these cells. Furthermore, nitrite/nitrate production was similar in activated G6PD-deficient and WT macrophages. This finding may seem unexpected considering that NO production is also dependent on NADPH. A plausible explanation for this observation is the fact that the Michaelis constant (K m ) of NO synthase for NADPH is lower than the K m of glutathione reductase or catalase [2] . Thus, under a moderate degree of oxidative stress, a decrease in cellular NADPH would affect H 2 O 2 -detoxifying pathways more than cellular NO production. It is to note that peritoneal macrophages reside in a low-oxygenated environment. Although our experiments were carried out under normoxic conditions, the LPS/PMA-induced oxidative stress expected to occur at lower oxygen tension as a result of the fact that NADPH oxidase has high affinity for O 2 , and cytosolic NADPH production via the hexose monophosphate shunt is not dependent on, or regulated by, oxygen tension.
Previous findings, indicating attenuated ex vivo IL-10 production on day 2 post-injury and decreased blood IL-10 levels on day 5 post-injury in G6PD-deficient trauma patients [5, 17] , apparently contradict our current observations indicating increased IL-10 production in G6PD-deficient mouse macrophages. However, despite the fact that the degree of the defect in the mouse model used is similar to that observed in the type A-deficiency, there are important differences between the human deficiency and the murine model. On the one hand, the human defect, historically, is associated with the selective pressure caused by malaria. Furthermore, in populations living in tropical regions, malaria or other endemic infections may also represent a selective pressure on the distribution of polymorphic cytokine alleles with different expression levels. In fact, studies demonstrated marked biases in the high-producing IL-6 and low-producing IFN-␥ alleles in individuals from tropical regions [19] . Furthermore, we demonstrated increased frequencies of low-producing, polymorphic IL-10 alleles in G6PD-deficient individuals compared with nondeficient controls [18] . Whereas, the presence of these polymorphic alleles may modulate cytokine responses in humans, these genetic considerations are not pertinent in the G6PD-deficient murine model used, which was created by chemically induced mutagenesis [21] . However, the fact that this bias in the frequencies of polymorphic cytokine alleles is absent in the G6PD-deficient mice reinforces the direct effects of the deficiency in modulating IL-10 responses. Thus, in the context of human observations, it is plausible to suggest that an elevated IL-10 production in G6PD deficiency may represent an "inflammatory disadvantage" with a consequent increase in the frequency of the low-producing, polymorphic IL-10 alleles in this population [18] .
In summary, these investigations, together with findings on septic G6PD-deficient humans, reveal that G6PD deficiency modulates cytokine responses with a pronounced impact on IL-10 metabolism. Endotoxemia associated with PKC␦ activation moves the pro/anti-inflammatory cytokine balance toward the anti-inflammatory side in G6PD-deficient macrophages. Alterations in redox-dependent signaling pathways regulating cytokine production in activated G6PD-deficient macrophages may play a role in modulating the inflammatory response to malaria or other infectious diseases.
